Adult stem cells are essential for tissue renewal, regeneration, and repair, and their expansion in culture is of paramount importance for regenerative medicine. Using the whisker follicle of the rat as a model system, we demonstrate that (i) clonogenicity is an intrinsic property of the adult stem cells of the hair follicle; (ii) after cultivation for >140 doublings, these stem cells, transplanted to the dermo-epidermal junction of newborn mouse skin, form part or all of the developing follicles; (iii) the stem cells incorporated into follicles are multipotent, because they generate all of the lineages of the hair follicle and sebaceous gland; (iv) thousands of hair follicles can be generated from the progeny of a single cultivated stem cell; (v) cultured stem cells express the self-renewal genes Bmi1 and Zfp145; (vi) several stem cells participate in the formation of a single hair bulb; and (vii) there are many more stem cells in whisker follicles than could be anticipated from label-retaining experiments.
M
ammalian skin contains specialized adult stem cells to maintain a proper protective function (1) (2) (3) . Skin stem cells, like other adult stem cells, are thought to reside at precise locations, termed niches, where they benefit from a unique environment that favors self-renewal through symmetrical or asymmetrical divisions (1, 4, 5) . Hair follicles and epidermis contain keratinocytes that are clonogenic (6, 7) . Some of these clonogenic keratinocytes, termed holoclones, can be serially propagated in culture for Ͼ180 doublings (7) (8) (9) . Hence, it is theoretically possible to generate the entire epithelial compartment of the epidermis of an adult human (Ϸ8 ϫ 10 10 cells) with the progeny of a single holoclone. Perhaps the best proof of ''stemness'' of holoclones is their capacity to generate and renew an epidermis for years when transplanted onto patients with extensive, deep burn wounds (10) .
Numerous clonogenic keratinocytes are present in whisker follicles, which, like all hair follicles, are constituted of a core of concentric epithelial sheaths, the outer root sheath, the inner root sheath, and the hair fibers (3, 11, 12) . The epithelial core is entirely surrounded by a mesenchymal sheath that is in continuity with the follicular papilla of the hair bulb. Most clonogenic keratinocytes of a whisker follicle (up to 1,500 in the largest follicles) are located in the upper region where the nerves end, whereas their number in the lower-intermediate region and the hair bulb depends on the phase of the hair cycle (12, 13) . During the growth phase (anagen), few clonogenic keratinocytes are present in the hair bulb, and none are present in the lowerintermediate region despite an active multiplication and differentiation of the keratinocytes located in the hair matrix at a rate sufficient to sustain whisker growth in the rat of 1.5 mm͞day. At regular intervals, a whisker stops growing, the hair bulb regresses so much or to an extent that it cannot be identified as an organized structure, and the lower-intermediate region of the follicle shortens, although not so much as in pelage follicles. At this time, the number of clonogenic keratinocytes increases up to 700 in the lower-intermediate region of the largest whisker follicles (12) . A new hair bulb soon forms, and whisker growth resumes. At that point, the number of clonogenic keratinocytes progressively decreases during anagen, until the next cycle. Hence, the distribution of clonogenic keratinocytes varies in a spatiotemporal manner. There are opposing opinions on the nature of the clonogenic keratinocytes. Some view them as progenitor cells (14, 15) that are incapable of sustaining longterm hair follicle renewal, whereas others view them as stem cells (8, 9, 12) . Here, we demonstrate that clonogenic keratinocytes are bona fide multipotent stem cells.
Materials and Methods
Animals. Fischer 344 rats were from the Curie Institute (Paris) or Charles River Breeding Laboratories, as were the athymic mice. Sprague-Dawley rats that constitutively expressed EGFP (green rat CZ-004) were from Japan SLC (Hamamatsu, Japan) (16) . Animal housing and experiments were performed according to Swiss guidelines.
Cultivation of Single Cells. Rat whisker follicles were microdissected as described in refs. 12 and 13. Single cells were isolated with a Pasteur pipet as described in ref. 17 , either from freshly dissociated whisker follicles or from cultivated whisker keratinocytes. Cells were then individually cultivated on a feeder layer of lethally irradiated 3T3-J2 cells (6) . Cultures were fed every 3-4 days with medium supplemented with 10 ng͞ml human recombinant EGF and as described in ref. 7 .
Retroviral Infection. Defective amphotropic retroviruses bearing a nuclear localization signal 3Ј to an Escherichia coli lacZ (␤-gal) gene under the control of a retroviral LTR were produced by a human myosarcoma cell line (TeFly). Keratinocytes were infected by cultivation onto a lethally irradiated feeder layer constituted in equal parts of TeFly and 3T3 cells. To determine whether infectious recombinant retroviruses were produced by the transduced keratinocytes, 3T3 cells were cultivated in medium conditioned by the transduced keratinocytes. None of the 3T3 cells expressed ␤-gal, indicating that no recombinant viruses were produced by the transduced keratinocytes.
Transplantation. Pieces of newborn mouse or rat skin were incubated in 2% EDTA for 150 min at 37°C. After rinsing in medium, the epidermis was gently separated from the dermis to form a small pocket with the help of a 30-gauge needle. Donor cells (5 ϫ 10 5 ) were then carefully injected into the pocket and allowed to attach for 1 hr at room temperature (Fig. 6 , which is published as supporting information on the PNAS web site). Grafts were kept overnight at 4°C before they were transplanted onto the back of athymic mice with their dermal side facing the mouse fascia, stitched in place, and covered with a mouse skin flap to prevent drying. Necrosis of the flap usually occurred a few days later, and the graft became air-exposed. Dense hairs covered the graft within days. The duration of the first cycle was usually extended from 30 to 50 days as a consequence of the experimental procedure.
Histology. ␤-gal staining was performed according to standard protocols. Samples were then embedded in resin (Historesin, Leica, Vienna), and 4-m sections were obtained.
RT-PCR. Primers, the sequences of which are given in Table 1 , which is published as supporting information on the PNAS web site, were selected to anneal with mRNA of each of the 23 genes. Total RNAs were extracted by using TRIzol reagent (Invitrogen). Total RNA (10 ng) was amplified by using the OneStep RT-PCR kit (Qiagen, Valencia, CA). PCR products were resolved by agarose gel electrophoresis, stained with ethidium bromide, and visualized under UV light. ␤-Actin control for equal loading was used throughout the experiments.
FISH Analysis. Karyotypes and FISH analyses were carried out by Chrombios (Raubling, Germany). Rat genomic DNA was labeled with FITC-dUTP (green fluorescence) by degenerate oligonucleotide primer PCR, and mouse satellite DNA was labeled with carboxytetramethyl-rhodamine-dUTP (red fluorescence). Diploid cells (42 chromosomes) were observed in most clones and subclones tested (9͞10), whether the cells originated from the upper or lower part of the whisker follicle of the rat.
Results

Clonogenic Keratinocytes of the Upper Region of the Hair Follicle Are
Multipotent Stem Cells. The upper constant region of the whisker follicle of the rat contains up to 1,500 clonogenic keratinocytes, whereas their number in the lower variable region depends on the phase of the hair cycle (12, 13) . To investigate the fate of clonogenic keratinocytes, 100 single cells were randomly isolated from the constant region of a rat whisker follicle (YR25) with a Pasteur pipet by using an inverted microscope and individually cultivated on a feeder layer of irradiated 3T3 cells as described in refs. 6 and 17. From the 100 isolated cells, 14 clones were identified (14% cloning efficiency). Twelve clones were grown to mass culture. Each was then infected with defective amphotropic retroviruses bearing a ␤-gal gene. The percentage of transduced cells varied from clone to clone. Clone 4 (YR25P3-cl4), which has the largest number of transduced cells, was subcloned. Three subclones (RA5, RA9, and RA15), all cells of which expressed ␤-gal, were selected. ␤-gal-labeled keratinocytes of each clone were injected into a small pocket made at the dermo-epidermal junction of the back skin of a newborn mouse when pelage hair follicles were still being formed (Fig. 6 ). Grafts were then transplanted onto the back of athymic mice and harvested at various periods of time. A variable number of cells incorporated into developing follicles, but some follicles were constituted almost entirely of labeled cells (Fig. 1A) . Each clone contributed to the formation of eight lineages of the hair follicle, including those of outer root sheath, inner root sheath, and hair shaft and to the sebaceous gland and the epidermis.
Pelage follicles undergo phases of growth (anagen), regression (catagen), and rest (telogen) throughout the entire life of a mammal (Fig. 1B) . Cells are recruited from the bulge at the onset of each growth phase to form a hair germ, from which a new hair bulb develops (11, 18, 19) . We examined the capacity of our transplanted cells to participate in the hair cycle of pelage follicles over long periods of time. Labeled cells of these follicles were found at all phases of growth and regression during the hair cycle for the life of the recipient athymic mouse (Fig. 1 A) . After up to seven hair cycles, the follicles continued to contain a contribution of labeled cells. These experiments demonstrate that the three labeled clones, and therefore their founding cells, were multipotent stem cells. Similar results were obtained with 4 other YR25P3 clones, as well as with 10 clones isolated from whiskers of rats constitutively expressing EGFP, demonstrating that each of 17 tested clones was derived from a multipotent stem cell.
The Lower Region of the Hair Follicle also Contains Multipotent Stem
Cells. The lower-intermediate region of the follicle deep to the bulge is the variable region of a whisker follicle. Although the number of clonogenic keratinocytes in this region depends on the stage of the hair cycle, up to 700 clonogenic cells can be isolated from this region at the onset of a new anagen phase (12) . Clonogenic cells isolated from the lower region of cycling whisker follicles were labeled with a retrovirus bearing a ␤-gal gene and were transplanted as described above. The labeled cells behaved identically to the clonogenic stem cells isolated from the upper constant region of the follicle. The formation of outer root sheath, inner root sheath, and cortical lineages of sebaceous glands and epidermis; the capacity to participate in several hair cycles (Fig. 1C) ; and their gene expression pattern (see below) were identical. A total of 17 experiments was also performed with clonogenic cells from whiskers of EGFP rats with similar results.
Transplanted Cultured Stem Cells Retain Stemness. To further evaluate the self-renewing capacity of the transplanted cells, we isolated EGFP ϩ cells from chimeric pelage follicles several months after the labeled cells were transplanted. A second transfer was carried out, consisting of expansion of a single cell in culture followed by transplantation of its progeny. The EGFP ϩ cells participated for a second time in the formation of all epithelial lineages of the hair follicle and sebaceous glands and were retained through several hair cycles ( Fig. 2 A and B) . Stem cell character persisted through the first and second transfers for a period of 313 days with no decline in any aspect of hair follicle formation.
Because it has been shown that cell fusion can occur between transplanted donor cells and recipient cells (20, 21) , we examined the karyotype of ␤-gal and EGFP ϩ cells isolated and cultivated from chimeric pelage follicles. Normal diploid rat karyotypes were observed (Fig. 2C) . Most importantly, no fusion between mouse and rat cells was observed (Fig. 2D) , indicating that the involvement of labeled cells in the long-term regeneration of the follicles did not result from an in vivo fusion between the transduced rat cells and the resident stem cells of the mouse. Furthermore, cells of a subclone of RA15, the karyotype of which was aneuploid, were rapidly eliminated after transplantation, suggesting that stem cells must be diploid to permanently engraft.
Repairing the Epidermis. There are differing opinions about the contribution of hair follicle stem cells to epidermal renewal; some view the epidermis as self-renewing and containing its own stem cells (8, 9, 22) , whereas others view it as being renewed by the migration of stem cells or progenitor cells originating from adjacent hair follicles (11) . To clarify this point, we examined the contribution of hair follicle stem cells to the formation of epidermis in long-term transplantation experiments. Labeled cells, whether labeled by means of ␤-gal defective retroviruses or constitutively expressing EGFP, were observed in the epidermis adjacent to labeled hair follicles only for the first 3 weeks of transplantation ( Fig. 1 A, day 21) . Thereafter, the infundibulum clearly marked the boundary between labeled follicles and the adjacent epidermis, which remained devoid of labeled cells for the entire duration of the transplantation, up to 7 months (Figs. 1 A and C, 2 A and E, and 3B). A similar pattern was observed when the labeled rat cells were transplanted onto newborn rat skin, indicating that the result was not due to a species difference (Fig. 7 D-F , which is published as supporting information on the PNAS web site). However, when the epidermis was wounded by dermabrasion, the labeled cells quickly moved out of the infundibulum to restore the epidermal integrity in agreement with previous observations (Fig. 2 F-H) (23) . This contribution of the hair follicle cells to the epidermis again lasted for only a short period, and the epidermal cells of the mouse progressively replaced the EGFP ϩ cells (data not shown). These results demonstrate that in the steady state, hair follicle stem cells do not contribute to epidermal renewal and hence that the epidermis must contain its own dedicated stem cells. They also indicate that the transplanted cells, which initially contributed to the formation of epidermis, were either epidermal progenitors with a finite lifespan or stem cells that did not find a favorable environment to remain engrafted permanently.
Homing to the Bulge of Pelage Follicles. In pelage follicles, the stem cells are located only in the upper bulge region near the site of insertion of the arrector pili muscle (Fig. 3A) (11, 19) . Remarkably, transplanted labeled stem cells originating from the rat whisker follicle were always observed in the bulge region of mouse chimeric pelage follicles, whether the stem cells were initially derived from the upper (Fig. 3 B and C) or lower (not shown) region of the whisker follicle. This result demonstrates that transplanted stem cells from either region home to the bulge and that the basis for this homing is conserved among different hair follicles (pelage and whisker) and related species (mouse and rat). Labeled cells were constantly present in sebaceous glands of labeled follicles. Our experiments could not distinguish between direct homing of stem cells to the sebaceous glands and secondary migration of sebaceous progenitors originating from the bulge.
Stem Cells Contribute a Variable Number of Progenitors.
We then examined to what extent the transplanted ␤-gal stem cells and the recipient stem cells contributed to the formation of the different epithelial lineages in chimeric hair follicles that underwent the hair cycle. The degree of mosaicism was variable, ranging from small to high. Transplanted cells contributed a part of a sheath, several sheaths (Fig. 4) , or the entire hair matrix (Figs. 1 A and C and 3D) . Similar results were obtained with transplanted cells constitutively expressing EGFP (not shown), indicating that the mosaicism observed with ␤-gal-labeled cells did not result from a shutting off of the transduced ␤-gal gene. Similar results were obtained when clonogenic rat keratinocytes were transplanted onto newborn rat skin, indicating that the mosaicism did not result from a species difference (Fig. 7) . These results demonstrated that a minimum of two stem cells, one of the donor type and one of the recipient type, were recruited from the bulge to form a hair bulb and therefore that hair bulbs are polyclonal. Moreover, mosaicism within a single cell sheath demonstrated that a minimum of two stem cells, one of donor type and one of the recipient mouse, contributed progenitors to this sheath. Stem cells can express only a restricted number of their potential lineages during the formation of the hair bulb, as previously suggested by lineage analysis using defective retroviruses or allophenic mice (24) (25) (26) .
Cultivated Stem Cells Express Bmi1 and Zfp145. Gene profiling of hematopoietic and neural stem cells has led to the identification of genes that are commonly expressed in stem cells. These so-called stemness genes encode proteins ranging from transcription factors to adhesion molecules, from signaling to cell cycle-related molecules. The mRNA profile of stem cells isolated from mouse pelage follicles was recently determined by using elegant transgenic approaches (14, 27) . Several candidate genes were identified, some of which were common to hematopoietic and neural stem cells. We have examined the expression of these genes in cultivated multipotent stem cells by RT-PCR. All of them remained expressed in cultured cells derived from individual multipotent stem cells (Fig. 8 , which is published as supporting information on the PNAS web site). However, it would be premature to draw definite conclusions as to their importance without thoroughly evaluating the impact of the genes on stem cell function. RNA interference experiments in cultured rat follicle stem cells coupled with in vivo functional analysis should distinguish the genes that are important for stemness from those that are expressed in response to proliferation, migration, or a different environment. Recent work indicated that Bmi1, a member of the polycomb group, and the transcriptional repressor Zfp145 (Plzf ) were important for the renewal of hematopoietic stem cells and germ cells (28) (29) (30) (31) . Interestingly, both Bmi1 and Zfp145 were expressed in clonogenic multipotent stem cells (Fig. 5) , supporting the idea that the products of these genes may be important for the renewal and maintenance of the follicle stem cells.
Discussion
Clonogenicity is an important property of adult epithelial stem cells of the hair follicle, as is true for other adult stem cells, including neural, hematopoietic, muscle, and epidermal stem cells, as well as for embryonic stem cells. This property is essential if one wants to expand stem cells for regenerative medicine. Not all dividing cells are clonogenic, as in the hair bulb, which contains hundreds of nonclonogenic dividing cells and few clonogenic cells (12, 13, 32) . There is now compelling evidence that epidermal stem cells express higher levels of ␣6, ␤1 integrins, or CD34 than progenitor cells (22, (33) (34) (35) . However, the number of clonogenic keratinocytes in populations enriched for these markers by cell sorting is always smaller than that of stem cells simply sorted on small size with a Pasteur pipet (up to 28%) (10, 17) , indicating that other cell surface molecules may be important or that the cell-sorting procedure severely affects stem cell behavior. The latter possibility is supported by the low colony-forming efficiency of these cells (0.3%) obtained in recent experiments (14, 36) .
There are many differences between multipotent progenitors and stem cells as illustrated by hematopoiesis, in which long-term multipotent stem cells can permanently engraft but multipotent progenitors cannot. These cells do not express the same genes, do not respond to the same growth factors, and may not behave similarly in neoplasia (37, 38) . Two laboratories have recently demonstrated that pelage hair follicles contain clonogenic keratinocytes that participate in the formation of different hair follicle lineages, but these studies could not distinguish between stem cells and multipotent progenitor cells, because transplantation experiments were carried out for only short periods of time (14, 36) . Our experiments unambiguously demonstrate that clonogenic keratinocytes present in hair follicles are long-term multipotent stem cells. There are many more stem cells in the upper region than anticipated by label-retaining experiments (19, 39) . We calculate that there are enough clonogenic stem cells in a whisker follicle (up to 1,500) to provide for whisker renewal for Ͼ50 years. Why does the upper region contain so many stem cells, when even a few rounds of symmetrical divisions of a small number of stem cells would be sufficient to maintain them at a constant number? Do epithelial stem cells have a role other than tissue maintenance? Answers most likely relate to the sensory function of whisker follicles, because the upper region is where the nerves terminate.
Skin stem cells, like other adult stem cells, are thought to reside at precise locations, so-called niches, where they supposedly benefit from a unique environment favoring self-renewal through symmetrical or asymmetrical divisions (1, 4, 5) . The cellular and molecular composition of niches likely involves a specific combination of nurse cells, growth factors, and extracellular matrix. For instance, osteoblasts and stromal cells appear instrumental for bone marrow stem cells, whereas astrocytes and oligodendrocytes are important for neural stem cells (40, 41) . Consequently, niches have different cellular and molecular signatures. The upper constant region of the hair follicle located below the sebaceous glands is the niche for the multipotent follicle stem cells (3, 11, 12, 42) and the melanocyte stem cells (43) . It has been recently demonstrated that this niche encompasses a region larger than the site of insertion of the arrector pili muscle (14, 36, 42) and that adherence to the basement membrane is not necessary to maintain stemness (36) . Our results demonstrate that stem cells cultivated for long periods of time and then transplanted into pelage hair follicles retain the capacity to recognize and home to the niche. Once there, they participate in hair cycle along with the resident stem cells. There are at least two mechanisms by which a stem cell could recognize a location as a niche: through specific adhesion molecules or through specific cell-cell contact. RNA interference experiments in cultured rat follicle stem cells followed by transplantation of the mutated cells should discriminate between these hypotheses.
It is commonly thought that committed progenitors are generated in the upper region of the hair follicle by stem cells dividing asymmetrically and that stem cells exiting the niche quickly lose their self-renewing capacities (11, 14) . Our results formally demonstrate that the clonogenic keratinocytes located in the lower region or in the hair bulb, millimeters away from the upper region, are bona fide multipotent stem cells that can divide symmetrically for months in culture and participate in long-term hair follicle renewal when transplanted through more than a single transplantation. Hence, keratinocyte stem cells can mi- -cl7 and YR221P1-cl10.3) . EGFP ϩ cells were sorted from 3-day-old cultures at passages 7 and 11 to eliminate the irradiated 3T3 cells. mRNAs were then extracted, and RT-PCRs were performed using specific primers (see Table  1 ). Mouse ES cells were used as a positive control for the expression of Oct-4, Bmi1, and Zfp145.
grate, self-renew, and proliferate outside the bulge and participate in the hair cycle. It has been suggested recently that committed progenitors can be reprogrammed to become multipotent stem cells during cell cultivation (14, 35, 36) ; this hypothesis is highly improbable because our results, corroborating previous observations (12) , demonstrate a strict correlation between the ability of a region of a whisker follicle to respond to skin morphogenetic signals and the number of clonogenic keratinocytes that it contains. It is also unlikely that adult hair follicles contain stem cells that cannot undergo clonal growth in culture and yet still demonstrate long-term self-renewal and multipotentiality if transplanted.
A rapid and transitory expansion of the population of the stem cells that have exited the upper constant region of a hair follicle at the onset of anagen is a key step in the formation of a hair bulb. The pattern of mosaicism observed in the different epithelial layers of the chimeric follicles strongly supports the hypothesis that the generation of committed progenitors is a phenomenon that depends on soluble factors and on the position occupied by each stem cell in the developing hair germ (26) . The segregation of self-renewing stem cells from the site of formation of late progenitors by separating the two in different locations of the hair follicle would be a way to protect the stem cells from receiving undesired signals that could otherwise result in a rapid exhaustion of the stem cell pool (13) . A similar mechanism has been suggested for the pelage follicle (18) . The functional difference between a whisker follicle and a pelage follicle is reflected in the distance that the stem cells must migrate before they are within the reach of inductive signals. The presence of a rigid collagenous capsule in a whisker follicle would prevent an extensive shortening of the lower region of the follicle during catagen and hence prevent the follicular papilla from approaching the stem cells located in the upper region, which explains why these stem cells must migrate a long distance before receiving inductive signals from the papilla. Conversely, the extensive shortening of pelage follicles in catagen coupled with an upward migration of the follicular papilla only necessitates that stem cells migrate a short distance. When does a stem cell decide to migrate out of the upper region? Is it a stochastic or controlled phenomenon? Is there a continuous flux or not? What is the rate of stem cell migration? The answers to these questions are likely to lead to better understanding of the molecular control of stem cell trafficking and, consequently, of hair growth.
